Tick-borne encephalitis virus (TBEV) (family
Tick-borne encephalitis virus (TBEV) is one of the most important arboviruses in Europe and Asia. In humans, it can cause severe encephalitis with a mortality rate of up to 30% and neurological sequelae in 30 to 60% of survivors (19, 23, 35, 45) . The natural route of infection is by the bite of an infected tick or by the consumption of infected milk products. In regions of Europe where TBEV is endemic, between 0.5 and 5% of ticks carry the virus, but these numbers can be as high as 40% in certain regions of Russia (8, 19) . TBEV belongs to the family Flaviviridae of the genus Flavivirus. Taxonomically, the species was recently divided into four virus types, namely, Louping ill virus, Western TBEV, Eastern TBEV, and Turkish sheep encephalitis virus (17) . For unknown reasons, disease symptoms are strain dependent and vary from asymptomatic infection to severe encephalitis and meningitis (8) . Although there is an effective vaccine against TBEV, the number of cases is on the upsurge and currently in the range of approximately 10,000 per year (8, 67) .
Despite the tremendous medical importance of TBEV, many aspects of infection and pathogenesis remain unsolved so far. For example, the interactions of TBEV with the innate immune system, in particular the antiviral type I interferon (IFN) (alpha/beta IFN [IFN-␣/␤]) system, are not well characterized, although TBEV served as a model system in early pioneer studies of IFN (70) . IFNs are synthesized and secreted by infected cells and cause neighboring cells to express antiviral factors. Tissue cells recognize virus infection mainly by intracellular pathways (50) . Viral signature molecules such as double-stranded RNA (dsRNA) or RNAs bearing a 5Ј-triphosphate group are detected by cytoplasmic pathogen recognition receptors (PRRs) (55, 57, 80) . Activated PRRs trigger a signaling chain that eventually results in the phosphorylation of the transcription factor IFN regulatory factor 3 (IRF-3) (24), a member of the IRF family, and phosphorylated IRF-3 moves into the nucleus, where it initiates IFN-␤ mRNA synthesis. Secreted IFNs bind to and activate a receptor that is present on virtually all host cells. IFN signaling via the so-called JAK/ STAT pathway initiates the transcription of more than 300 IFN-stimulated genes (ISGs), which inhibit virus multiplication at the level of transcription, translation, genome replication, assembly, and exit and stimulate subsequent adaptive immune responses (61) .
For several flaviviruses, including hepatitis C virus (HCV), West Nile virus (WNV), and dengue virus (DENV), it is known that the clearance of infection by the host is dependent on the IFN system (12, 16, 34, 38, 62) . Consequently, these viruses express gene products that interfere with induction, signaling, or the action of IFNs, similar to what is known for other viruses (2, 11, 30, 51, 52, 58) . For TBEV, however, neither the details of IFN induction nor potential anti-IFN strategies are known, with the notable exception of the NS5 protein, which was identified previously as an inhibitor of IFN-dependent signaling (3, 76) . Here, we compared three different Western strains of TBEV for their abilities to induce IFNs. We observed that the activation of IRF-3 and the induction of IFN-␤ were not completely abrogated but were substantially delayed after infection and that the IFN induction by different strains was strictly coupled to the extent of viral RNA replication. Moreover, we were unable to identify a specific viral gene product that could explain the impediment of IRF-3 activation. Rather, viral dsRNA was found to be largely unavailable for cytoplasmic detection, most likely because TBEV rearranges intracellular membrane compartments and replicates inside them. Thus, TBEV appears to rely on a passive escape strategy in order to avoid premature IFN induction.
Virus titrations. Viral titers were determined by using a focus-forming assay (47) . BHK-21 cells were seeded into 96-well dishes and infected with a 10-fold serial dilution of TBEV or clone 13 in a total volume of 50 l of Opti-MEM. After 1 h the inoculum was removed, and a 100-l overlay containing 1.25% Avicel RC/CL, 1ϫ DMEM, and 0.5% bovine serum albumin (BSA) was added. The plates were incubated at 37°C for 48 h (TBEV) or 24 h (clone 13) before the fixation of cells with 3% paraformaldehyde dissolved in phosphate-buffered saline (PBS). Cells were permeabilized with PBS containing 0.5% Triton X-100 and 20 mM glycine. Viral foci were detected by using primary mouse antibodies directed against the TBEV E protein (monoclonal antiserum 1493 [53] ) or the clone 13 N protein (polyclonal antiserum [20] ) diluted 1:1,000 and 1:800, respectively, in PBS supplemented with 10% FCS and 0.05% Tween 80. Secondary horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Dako) was diluted 1:2,000 in PBS supplemented with 10% FCS-0.05% Tween 80. Antigenpositive cell foci were detected with TrueBlue peroxidase substrate (KPL, Gaithersburg, MD) as described previously (47) .
IFN assays. Total amounts of IFNs in cell supernatants were measured by using 293T cells stably expressing the firefly luciferase gene under the control of the mouse Mx1 promoter (Mx1-luc reporter cells) (28) . Cell supernatants were harvested and virus particles were removed by using Amicon spin columns with a cutoff of 100 kDa (Millipore) according to the manufacturer's instructions. The absence of infectious virus particles was verified by plaque assay. Mx1-luc reporter cells were seeded into 48-well dishes and were treated 24 h later with filtered supernatants diluted 1:10 in DMEM-5% FCS. At 16 h postincubation, cells were lysed with passive lysis buffer (Promega), and luciferase activity was measured with a Sirius luminometer (Berthold detection system). The assay sensitivity was between 0.5 and 5 U/ml IFN-␤ and was determined by a standard curve.
For determinations of the ratio between intracellular and extracellular IFN, an enzyme-linked immunosorbent assay (ELISA) specific for human IFN-␤ (PBL InterferonSource) was employed. The level of the intracellular IFN-␤ protein was measured in lysates of cells treated with buffer containing 0.5 M NaCl, 5 mM EDTA, 10 mM Tris-HCl (pH 7.6), and 1% Triton X-100 (59) , and the amount of extracellular IFN-␤ was determined directly in cell supernatants.
Immunofluorescence analysis. Cells were grown on coverslips to 30 to 50% confluence and infected and incubated for the indicated times. Cells were fixed with 3% paraformaldehyde, permeabilized with 0.5% Triton X-100 dissolved in PBS, and washed three times with PBS containing 1% FCS. Primary antibodies were diluted in PBS containing 1% FCS. The TBEV E protein was detected by using mouse monoclonal antibody 1493 diluted 1:1,000 (53) , the N protein of clone 13 was detected with a mouse polyclonal antibody diluted 1:500 (20) , and dsRNA was detected with mouse monoclonal antibody J2 (English & Scientific Consulting, Szirak, Hungary) diluted 1:200. Rabbit polyclonal antisera were used to detect IRF-3 (BD Biosciences Pharmingen) and tubulin (Abcam), diluted 1:200 and 1:500, respectively. For the sensitive detection of dsRNA or IRF-3, the fluorophore signal was visualized by using the tyramide signal amplification (TSA)-cyanine 3 (Cy3) system (Perkin-Elmer). After incubation at room temperature for 1 h, the coverslips were washed three times in PBS and then treated with goat anti-mouse Cy2 secondary antibody conjugated at a dilution of 1:200. Cells were again washed three times in PBS and mounted by using Fluorsave solution (Calbiochem). Stained cell samples were examined by using a Zeiss confocal microscope.
Plasma membrane permeabilization. SL-O was used to selectively permeabilize the plasma membrane (7, 9) . First, cells were washed with permeabilization buffer (125 mM potassium acetate, 25 mM HEPES [pH 7.2], 10 mM glucose, 2.5 mM magnesium acetate, 10 mM NaCl, 1.8 mM CaCl 2 , and 5 mM EGTA) and treated with 1 U/ml SL-O in permeabilization buffer for 15 min on ice. The SL-O was washed away with permeabilization buffer, and cells were incubated at 37°C for 5 min with prewarmed permeabilization buffer, followed by an additional washing step with PBS and fixation with 3% paraformaldehyde dissolved in PBS. Immunodetection of specific antigens was performed as described above.
IRF-3 dimerization assay. Cells were lysed in buffer containing 50 mM TrisHCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, protease inhibitors, and phosphatase inhibitors; incubated on ice for 10 min; and then centrifuged at 4°C for 5 min at 10,000 ϫ g. An aliquot of 7 g of protein was then separated by electrophoresis for 2 h at 60 mA in a 7.5% nondenaturing polyacrylamide gel with 1% deoxycholate in the cathode buffer (26) . The proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (Amersham), followed by incubation in saturation buffer (PBS containing 5% nonfat dry milk and 0.05% Tween). Membranes were incubated overnight with polyclonal anti-IRF-3 antibody FL-425 (Santa Cruz Biotechnology) diluted 1:1,000 in saturation buffer and then washed three times with 0.05% PBS-Tween followed by incubation with an HRP-conjugated secondary antibody. After three additional washing steps, de- . A total of 10 g of protein was separated by SDS-PAGE and transferred onto an Immobilon-P PVDF membrane (Millipore), followed by incubation in saturation buffer (PBS containing 5% nonfat dry milk and 0.05% Tween). The membrane was first incubated for 1 h with primary antibodies and washed three times with 0.05% PBS-Tween, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (Pierce). After an additional three washing steps, detection was performed by using the SuperSignal West Femto kit (Pierce). Primary antibodies used were directed against phosphorylated eIF2␣ (alpha subunit of eukaryotic initiation factor 2) (rabbit polyclonal anti-Ser51, diluted 1:200; Biosource), eIF2␣ (mouse monoclonal, diluted 1:1,000; Cell Signaling), TBEV E (mouse monoclonal, diluted 1:5,000), and actin (rabbit polyclonal anti-actin, diluted 1:5,000; Sigma).
Transient transfections and reporter gene assays. Subconfluent monolayers of 293T cells grown in 12-well dishes were transfected with 0.25 g p125-luc reporter plasmid (FF-Luc gene under the control of the IFN-␤ promoter), 0.025 g control plasmid pRL-SV40 (Ren-Luc gene under the control of the SV40 promoter), and 0.5 g of expression plasmid with Nanofectin (PAA) according to the manufacturer's recommendations. At 24 h posttransfection, cells were infected with clone 13 at a multiplicity of infection (MOI) of 5. At 16 h p.i., cells were harvested and lysed in 100 l of passive lysis buffer (Promega). An aliquot of 10 l of lysate was used to measure FF-Luc and Ren-Luc activity as described by the manufacturer of the Dual luciferase assay kit (Promega), and the activity was measured with a Sirius luminometer (Berthold detection system).
EM. 293T cells were seeded onto 10-cm plates and infected with TBEV strain Hypr (MOI of 5). The cells were either left untreated or treated with BFA (2.8 ng/ml) at 12 h p.i. At 24 h p.i., cells were treated with modified Ito's fixative (2.5% formaldehyde, 0.1% glutaraldehyde, 0.03% trinitrophenol, and 0.03% CaCl 2 in 0.05 M cacodylate buffer [pH 7.2]) (54) for 1 h at room temperature, washed with 0.1 M cacodylate buffer, scraped off, pelleted (10 min at 10,000 ϫ g), and kept at 4°C until further processing. Parallel cell pellets were processed either for regular transmission electron microscopy (EM) or for immuno-EM. For transmission EM, pellets were postfixed with 1% OsO 4 in 0.1 M cacodylate buffer for 1 h at room temperature, stained en bloc with 2% aqueous uranyl acetate (20 min at 60°C), dehydrated in ethanol followed by propylene oxide, and embedded in Poly/Bed 812 (Polysciences). Ultrathin sections were cut on a Reichert-Leica Ultracut S ultramicrotome, placed onto uncoated copper grids, and stained with lead citrate. For immuno-EM, cell pellets were stained en bloc with 2% aqueous uranyl acetate (20 min at 60°C), dehydrated through 75% ethanol, and embedded into LR White resin (Electron Microscopy Sciences [EMS], Hatfield, PA). Ultrathin sections were cut on the same ultramicrotome and placed onto nickel Formvar-carbon-coated grids. The grids were incubated first on drops of blocking buffer (0.1% BSA and 0.01 M glycine in 0.05 M Tris-buffered saline [TBS] ) and then with anti-dsRNA antibody J2 (0.5 mg/ml) dissolved 1:10 in diluting buffer (1% BSA in 0.05 M TBS) first for 1 h at room temperature and then overnight at 4°C. After washing in blocking buffer, grids were incubated with the secondary antibody (goat anti-mouse IgG/IgM conjugated with 10-nm colloidal gold) (Aurion, catalog number 25169; EMS) diluted 1:20 in diluting buffer for 1 h at room temperature. After washing first in blocking buffer, then in TBS, and then in distilled water, grids were fixed in 2% aqueous glutaraldehyde, washed, stained with 2% aqueous uranyl acetate and lead citrate, and examined with a Philips 201 or CM-100 electron microscope at 60 kV.
RESULTS

Differential induction of IFN-␤ and ISG transcription by TBEV strains.
We studied the antiviral host response to TBEV using A549 cells, a human lung carcinoma line that is fully IFN competent (33) . Three strains of Western TBEV, namely, Neudörfl, Hypr, and Absettarov, were employed in parallel. Low-pathogenicity strain Neudörfl was originally isolated in 1971 from Ixodes ricinus ticks in Burgenland, Austria (71) . High-pathogenicity strain Hypr was originally isolated in 1953 from the blood of a deceased child in Moravia, Czech Republic (71). TBEV strain Absettarov, with an unclear pathogenicity level compared to those of the other two strains, was isolated in 1951 from the blood of an ill patient in St. Petersburg, Russia (14) . A549 cells were infected with the viruses at an MOI of 1, and total RNA was extracted at 24 h p.i. Cellular transcript levels were determined by using real-time RT-PCR, normalized to an internal cellular control mRNA (␥-actin), and set in relation to mock-infected cells. Figure 1 shows that the transcriptions of IFN-␤ as well as the virus-inducible genes ISG15 and ISG56 (72) were upregulated by several orders of magnitude after TBEV infection. For all host genes tested, strain Hypr was the strongest inducer, whereas strain Absettarov was the weakest inducer and strain Neudörfl had an intermediate phenotype.
TBEV strains differ in RNA levels and speeds of replication. The observed differences in the host response to the three virus strains could be based either on qualitative traits, i.e., stronger or weaker viral anti-IFN factors, or on quantitative traits, i.e., different speeds of RNA replication. To distinguish between these possibilities, we first compared viral RNA levels at two different time points postinfection. A549 cells were infected with the three TBEV strains at an MOI of 1, and viral RNA was analyzed at 16 and 24 h p.i. by real-time RT-PCR. Clear differences could be detected ( Fig. 2A) . Hypr accumulated faster and at much higher RNA levels than did Absettarov, and Neudörfl was intermediate. Moreover, real-time RT-PCR revealed that IFN-␤ mRNA levels paralleled the viral RNA levels; again, Hypr was the best inducer, followed by Neudörfl, and Absettarov was a comparatively low inducer (Fig. 2B) .
The data collected so far suggest that the three TBEV strains replicate with different speeds and efficiencies and that there might be a correlation between levels of viral RNA and the height of IFN induction. To follow this up, we sought conditions under which RNA levels and particle production of the strains were comparable. Indeed, when the infection outcomes of different amounts of input virus were compared, we observed that input MOIs of 1 for Neudörfl, 0.1 for Hypr, and 10 for Absettarov resulted in similar RNA levels and virus titers after 24 h of infection ( Fig. 2C and D) . We used the RNAs of A549 cells infected with these normalized MOIs to investigate IFN induction. All antiviral host genes investigated, namely, IFN-␤, ISG15, and ISG56, as well as the chemokines IP-10 and RANTES, were induced by the normalized virus infections with comparable efficiencies (Fig. 2E) . Thus, taken together, these results imply that it is the speed of virus replication and the amount of accumulated RNA that determine the strength of the innate immune response to TBEV.
TBEV delays the onset of IFN induction. We were intrigued by the fact that TBEV strain Hypr, which is a highly infectious human pathogen, activates the antiviral host response with such amplitude. To obtain a more detailed picture, we performed a time course analysis of TBEV infection and the IFN response over a period of 24 h. As positive control, we used the Rift Valley fever virus mutant clone 13, a well-established inducer of IFN (4). A549 cells were infected with an MOI of 1, and total cell RNA and supernatants were harvested every 2 h from 4 to 20 h p.i. and then again at 24 h p.i. The results of the real-time RT-PCR analysis showed that intracellular RNA levels of both viruses rose with surprisingly similar kinetics for the first 20 h (Fig. 3A) . At 24 h p.i. TBEV RNA levels further increased, whereas this was less pronounced for clone 13. In contrast, virus titers in the cell supernatants sharply differed in their kinetics. Clone 13 rapidly produced progeny particles, whereas TBEV particles were released with delayed kinetics (Fig. 3B) . A similar eclipse phase with very little particle production was previously described for the flavivirus Kunjin virus (KUNV) (77) . Clone 13 virus release, however, reached a plateau already at 12 h p.i., with no further augmentation in particle production from then on. TBEV titers steadily increased and surpassed clone 13 titers at 18 h p.i. For TBEV, a plateau was reached at 20 h p.i. with a final titer of 9.5 ϫ 10 PFU/ml, whereas clone 13 reached a plateau at 12 h p.i. with approximately 1 ϫ 10 6 PFU/ml, i.e., almost 100-fold less. The induction of IFN also differed between the viruses. Real-time RT-PCR analyses showed that the activation of IFN-␤ transcription by TBEV was delayed by 8 to 12 h compared to that of clone 13 (Fig. 3C ). To detect IFNs in the supernatants, we incubated an IFN-responsive 293T reporter cell line (28) with supernatants of infected cells. We found the sensitivity of this assay system to be in the range of 0.5 to 5 U/ml of IFN-␤ (data not shown). The reporter cells revealed that clone 13-infected cells released increasing levels of IFNs from 16 h p.i. on, while for TBEV-infected cells, no IFNs were detected at 24 h p.i. Thus, although intracellular virus RNA levels increased for both viruses with almost identical kinetics, particle production was more efficient for TBEV than for clone 13, most likely because TBEV substantially delays the transcriptional induction of the IFN-␤ gene.
Slow accumulation of IFN-␤ mRNAs results in late secretion of IFNs. Despite a significant upregulation of IFN-␤ transcripts by TBEV late in infection, no IFN activity could be detected in the supernatants of those cells (24 h p.i.) ( Fig. 3C  and D) . This raised the possibility that TBEV may interfere with the translation of IFN mRNAs or with the secretion of IFNs. To address these issues, we set up an assay to correlate levels of IFN-␤ transcripts, intracellular IFN-␤ protein, and secreted IFN-␤ protein. First, to permit such a comparison, we searched for conditions under which TBEV would induce amounts of IFN-␤ transcripts similar to those of clone 13. Figure 4A shows that increasing the input MOI of TBEV to 100 PFU/cell forced the upregulation of the IFN-␤ gene at 24 h p.i. to levels that were comparable to the IFN induction by clone 13 at an MOI of 5. In parallel dishes, we quantified levels of intracellular IFN-␤ protein (from cell extracts) and secreted IFN-␤ protein (from cell culture supernatants) by ELISA. Intracellular IFN-␤ protein levels (Fig. 4B) were comparable for TBEV (MOI of 100) and clone 13 (MOI of 5) at 24 h p.i. This led us to conclude that TBEV does not inhibit mRNA translation. The level of extracellular IFN-␤, however, was much lower for TBEV-infected cells than for clone 13-infected cells (Fig. 4B) . Calculation of the ratios between secreted and intracellular IFN-␤ levels gave a factor of about 15 for clone 13-infected cells but gave a factor of only 2 for TBEV-infected cells (Fig. 4B) .
The reduced secretion of IFN-␤ in TBEV-infected cells could be caused by a direct inhibition of IFN-␤ secretion, but it could also be a consequence of the delayed upregulation of the IFN-␤ gene that we had observed. To distinguish between these possibilities, we performed a burst experiment to measure how much de novo IFN is released late in infection, when IFN-␤ mRNA levels are comparable between TBEV and the control virus clone 13. Two sets of cells were infected with either clone 13 or TBEV. For the first set of cells, total RNA and supernatants were harvested after 24 h of infection. For the second set of cells, the medium was changed at 24 h p.i., and RNA and supernatants were harvested at 48 h p.i. Any IFN measured in the supernatants of the second set of cells was hence released between 24 h and 48 h p.i. Figure 4C shows that comparable IFN-␤ transcript levels were induced by the two viruses at 24 h p.i. IFN-␤ transcript levels remained virtually unchanged between 24 h and 48 h p.i, suggesting that the observed 10 6 -fold upregulation represents an upper limit. IFNs in the supernatants were analyzed by using the sensitive Mx1-luc reporter cell system (Fig. 4D) . At 24 h p.i., high levels of IFN were detected in supernatants of clone 13-infected cells, but much lower levels were detected in supernatants of TBEVinfected cells, as described above (Fig. 3D) . Strikingly, however, when newly secreted IFNs were measured at 48 h p.i., similar IFN activities were present in the supernatants of clone 13 and TBEV cells. This finding indicates that at between 24 h and 48 h p.i., when IFN mRNA levels remain at comparable levels, cells also responded with comparable levels of IFN secretion. Thus, the difference between TBEV and the IFN inducer virus clone 13 is due solely to the delay in IFN transcript accumulation by TBEV and is not caused by a block in IFN secretion. To our knowledge, this is the first study in which levels of IFN-␤ mRNA, intracellular IFN-␤ protein, and secreted IFN-␤ protein were compared over a time course and in a quantitative manner. The results strongly suggest that IFN-␤ mRNA needs to accumulate 10 5 -to 10 6 -fold over an extended period of time until substantial levels of the IFN-␤ protein become secreted. With respect to TBEV, our data imply that this virus delays the transcriptional induction of IFN in order to remain below the threshold value for IFN-␤ protein secretion. Thus, a block in IFN secretion, as was shown previously for poliovirus (13) and mouse hepatitis virus (59), does not apply and is not required for TBEV.
Incomplete activation of IRF-3. We wanted to characterize the mechanism behind the delay in IFN induction by TBEV. The activation of the IFN-␤ promoter involves the constitutively expressed transcription factor IRF-3. In uninfected cells, IRF-3 resides in the cytoplasm, but after phosphorylation by virus-activated kinases, it homodimerizes and translocates into the nucleus to transactivate the IFN-␤ promoter (24) . We analyzed the activation state of IRF-3 in response to TBEV. To monitor the subcellular localization of IRF-3, cells were either mock infected or infected with clone 13 or TBEV and stained with specific antibodies. Fixation was done at 16 h p.i. for clone 13 and at 24 h p.i. for TBEV, since at these time points, IFN-␤ transcript levels were comparable (Fig. 3C) . Despite this 8-h-longer infection period, infection with TBEV caused a much smaller percentage of IRF-3 to enter the nucleus than did infection with clone 13, whereas in mock-infected cells, IRF-3 remained in the cytoplasm, as expected (representative pictures are shown in Fig. 5A , and quantification is shown in Fig. 5B ). To examine IRF-3 homodimerization, we extracted cellular proteins at 16 h p.i. and 24 h p.i. for clone 13-and TBEV-infected cells, respectively, and performed nondenaturing polyacrylamide gel electrophoresis coupled to Western blot analysis (26) . Again, the positive control clone 13 triggered a complete dimerization of IRF-3, whereas TBEV induced intermediate dimerization, and no IRF-3 dimers were detected after mock infection (Fig. 5C) . Importantly, when TBEV infection was stopped at 16 h p.i., neither any To clarify whether the delay of IRF-3 activation is of any relevance for IFN induction by TBEV, we employed mouse embryonic fibroblasts (MEFs) with a knockout in the IRF-3 gene (63) . As illustrated in Fig. 5D , IFN-␤ transcription was found to be overwhelmingly dependent on IRF-3, even when input virus levels were raised to an MOI of 10. Importantly, the knockout of IRF-3 had no negative influence on the growth of TBEV but rather increased viral RNA levels (Fig. 5E) .
Collectively, these results indicate that TBEV infection causes an only suboptimal activation of IRF-3 in order to substantially delay the onset of IFN-␤ transcription.
IRF-3 inhibition appears not to be caused by a specific virus protein.
Many viruses express IFN-antagonistic proteins able to specifically inhibit the IRF-3 activation pathway (57, 73) . To test whether TBEV would also encode such a factor, we set up a reporter assay for measuring the influence of individual virus proteins on the activation of the IFN-␤ promoter. To achieve this goal, we first constructed cDNA expression plasmids for each component of the viral polyprotein (see Materials and Methods). The individual TBEV cDNA plasmids were then transfected into A549 cells along with two reporter constructs containing either the firefly luciferase (FF-Luc) gene under the control of the IFN-␤ promoter (81) SV40 promoter. Individual TBEV constructs expressed the viral proteins C, prM, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. Moreover, we also expressed the NS2B-NS3 fusion protein, the viral protease responsible for processing parts of the polyprotein. In parallel with these constructs, cDNA plasmids for the N terminus of the human MxA protein (⌬Mx) and for the IRF-3 inhibitor ML of Thogoto virus (27) were used as negative and positive controls, respectively. After 24 h of incubation to allow for the expression of the transfected cDNAs, IFN induction was stimulated by superinfection with clone 13, and cells were incubated for another 16 h until lysis and the subsequent measurement of luciferase activities. Values for FF-Luc activities (reflecting IFN-␤ promoter activation) were normalized to the corresponding Ren-Luc activities (reflecting constitutive polymerase II [Pol II]-driven gene expression) in order to determine specific IFN induction or suppression, respectively. Figure 6A shows that in cells expressing the negative control ⌬Mx, infection with clone 13 was able to stimulate the IFN-␤ reporter, while the positive control ML suppressed IFN induction substantially. The individual expression of the TBEV proteins C, E, NS2A, NS2B, NS3, NS4A, NS4B, NS5, and NS2B-NS3, in contrast, had no apparent influence on the specific IFN-␤ promoter activation. The addition of an N-terminal Flag tag to detect recombinant gene expression by Western blotting led to similar observations (data not shown). It should be noted that prM, NS1, and NS4B had a certain suppressive effect on general reporter expression and that NS2A had a strong general suppressive effect (data Figure 6B shows that in mock-infected cells, dsRNA transfection strongly upregulated IFN induction, as expected. Infection with TBEV alone also upregulated IFN-␤ transcription, as described above, but to a lesser extent than dsRNA. When cells were first infected with TBEV and subsequently transfected with dsRNA, a clear increase in IFN induction was observed, indicating the absence of active IFN suppression. Since the 6-h dsRNA treatment apparently did not influence viral multiplication (Fig. 6C) , we conclude from these results that the delay in IRF-3-dependent IFN induction imposed by TBEV is unlikely to be caused by the expression of a viral IFN antagonist.
dsRNA of TBEV is protected by intracellular membranes. Positive-strand RNA viruses are known to produce substantial amounts of dsRNA, a strong inducer of type I IFNs (32, 49, 56, 68, 74, 78) . Also, for some of these viruses, it was shown previously that their dsRNA is associated with or even located inside intracellular membrane compartments and, hence, possibly unavailable to the dsRNA-recognizing pathogen receptors in the cytoplasm (32, 39, 75) . As these issues have not been addressed for TBEV, we designed a differential permeabilization protocol coupled to immunofluorescence analysis to (i) assess the presence of dsRNA in infected cells and (ii) simultaneously determine whether the dsRNA would be accessible to host cell factors in the cytoplasm. Cells grown on coverslips were infected with TBEV for 24 h, permeabilized with streptolysin-O (SL-O), and then fixed with paraformaldehyde. SL-O is a bacterial toxin that produces plasma membrane pores of 20 to 30 nm in diameter without affecting intracellular membranes (7, 9) . As a control, fixed cells that had been grown and infected in parallel dishes were treated with Triton X-100, an agent that permeabilizes all cellular membranes indiscriminately. All fixed and permeabilized cells were then analyzed by immunostaining for the cytoplasmic protein tubulin, the endoplasmic reticulum (ER)-resident E glycoprotein of TBEV, and dsRNA. As shown in Fig. 7A , tubulin was detected after both permeabilization regimens, demonstrating that SL-O treatment allows the entry of antibodies into the cytoplasm. The TBEV E protein, in contrast, was readily detected in infected cells but not in uninfected cells treated with Triton X-100, but only background staining was observed for infected cells treated with SL-O. This confirmed that antigens inside cytoplasmic membrane compartments are not accessible after SL-O treatment. Strikingly, for viral dsRNA, a strong signal was obtained only when Triton X-100 was used, whereas SL-O permeabilization prohibited dsRNA immunostaining. Thus, dsRNA is indeed a frequent by-product of TBEV RNA replication, as expected, but apparently, it is not accessible to cytoplasmic factors due to a shielding by intracellular membrane compartments.
TBEV rearranges intracellular membranes.
To obtain a better picture of the intracellular membrane compartments used by TBEV for replication, we performed ultrathin-section electron microscopy (EM) of cells that were infected for 24 h with TBEV and then fixed with Ito's modified fixative. As shown in Fig. 8A and B, TBEV markedly changed the morphology of the ER to tightly packed stacks of laminar membranes in paracrystalline arrays, similar to what was described previously for the flaviviruses KUNV and DENV (40, 75) .
The results obtained so far did not allow us to conclude why TBEV dsRNA is unavailable for cytoplasmic detection. The dsRNA could be hiding between the tightly packaged membrane stacks, or it could be inside them. For KUNV, it was shown previously that the addition of brefeldin A (BFA), a drug which disrupts the Golgi apparatus (31), can inhibit the virally induced membrane rearrangements (40) and renders the virus vulnerable to the antiviral protein MxA (25) . In analogy to these experiments, we attempted to disrupt the TBEVinduced membrane stacks with BFA to see whether the viral dsRNA would be exposed to the cytoplasm. TBEV-infected cells were treated with BFA at 12 h p.i. and fixed and processed for ultrathin-section EM at 24 h p.i. A clear change of the paracrystalline arrays was seen after BFA treatment, since membrane structures obtained a more vesicular appearance (Fig. 8C) . Nonetheless, TBEV dsRNA was still not detectable by immunofluorescence analysis after SL-O treatment, and no increase in IFN induction was obtained after BFA treatment (data not shown). Interestingly, besides virus particles ( Fig. 8D and E), we observed small vesicles inside the ER (Fig. 8D and E) in both untreated (Fig. 8D) and BFA-treated (Fig. 8E) infected cells. Similar ER-borne vesicles were previously identified in cells infected with KUNV (41, 43, 78) and with DENV (75) . These vesicles were reported previously to contain viral dsRNA and replication complexes and to have small openings toward the cytoplasm for the exchange of metabolites and mRNAs (75) . In TBEV vesicles, inklings of similar openings could also be seen for a limited number of vesicles (Fig. 8E) . We also performed immunogold staining of TBEV-infected cells to detect dsRNA. Figure 8F shows that the gold staining localized to vesicular structures within the rough ER, indicating that TBEV dsRNA is located within ER-derived vesicles, similar to what was described previously for KUNV and DENV (41, 43, 75, 78) .
Taken together, these results indicated that dsRNA of TBEV is stored inside BFA-resistant membrane vesicles to prevent detection by PRRs. This most likely causes the observed delay in IRF-3 activation and IFN-␤ induction.
Indications of dsRNA leakage late in infection. Despite the apparent inaccessibility of viral dsRNA inside membranous compartments, IFN induction by TBEV finally occurs. To address a possible exposure of viral dsRNA, we first investigated whether the dsRNA-activated antiviral kinase PKR would be relocalized to sites of TBEV dsRNA late in infection but found that this is not the case (data not shown). As a more sensitive method, we determined the phosphorylation of eIF2␣, the main substrate of PKR. A459 cells were infected for 24 h with TBEV, and the phosphorylation state of eIF2␣ was monitored by Western blot analysis. Figure 9A shows that TBEV infection upregulated eIF2␣ phosphorylation in a manner similar to that of clone 13, a known PKR activator (21) . To more directly determine the presence of IFN-inducing viral RNAs in the cytoplasm, we measured IFN induction in MEF cells lacking interferon promoter stimulator 1 (IPS-1), the essential adaptor for the cytoplasmic virus RNA sensors RIG-I and MDA5 (29) . The real-time RT-PCR analysis depicted in Fig. 9B demonstrates that 24 h of TBEV infection strongly upregulated IFN-␤ induction in wild-type (wt) MEFs as well as in MEFs expressing one genomic copy of IPS-1. MEFs with a complete knockout of IPS-1, in contrast, were barely able to induce any IFN transcription despite comparable levels of virus replication (Fig. 9C ). These results demonstrate that the IFN induction by TBEV that occurs late in infection is mediated by the cytoplasmic virus RNA sensors RIG-I and/or MDA5. Thus, taken together, both the activation of PKR and the strict dependency of IFN induction on IPS-1 indicate that spurious amounts of TBEV dsRNA become accessible to cytoplasmic PRRs late in infection. This most likely explains the eventual upregulation of IFN induction by TBEV.
DISCUSSION
TBEV causes epidemics of acute encephalitis in forested regions of Europe and Asia. The disease takes a characteristic biphasic course: first an unspecific flu-like phase of approximately 5 days followed by a 7-day period of apparent recovery and a second, specific phase involving often severe neurological symptoms (35) . Encephalitis is supposed to be caused by CD8 ϩ T-cell-mediated immunopathology along with overshooting inflammatory responses and direct dam- (22, 60) . However, only about 20 to 30% of infections enter the second phase and result in full-blown disease (35, 45) . For the TBEV-related Langat virus as well as for other encephalitic flaviviruses, it is known that the pretreatment of cells with type I IFNs can hamper virus multiplication (3, 34) . It was thus expected that TBEV disturbs the activation of the IFN system, i.e., IFN induction, in order to efficiently spread in the host. Our results suggest that TBEV does not entirely block the transcriptional induction of the IFN-␤ promoter but slows it down considerably. The delayed onset of IFN transcription results in a late synthesis of biologically active IFNs. No IFN was measured in supernatants of TBEV-infected cells even at up to 24 h p.i. Measurable IFN production by infected cells occurred between 24 h p.i. and 48 h p.i., when large amounts of infectious TBEV particles had already been produced. Thus, TBEV appears to employ a "runaway" strategy to escape the antiviral effects of the IFN system. This is in line with previously reported findings for WNV, where it was shown that the onset of the IFN response occurred at a late stage of infection (15) . Moreover, for influenza A virus, it was previously demonstrated in vivo that accelerated virus multiplication is a viral strategy to outcompete the IFN response (18) .
Our attempts to identify a specific TBEV protein responsible for the delay in IFN induction were unsuccessful. In a similar manner, for WNV, it was shown previously that infected cells can normally activate IRF-3 in response to Sendai virus superinfection, arguing against the presence of an active mechanism to inhibit cytoplasmic IFN induction by this flavivirus as well (15) . It must be added, however, that WNV is able to inhibit IFN induction by ectopic dsRNA, most likely because the viral NS1 gene inhibits Toll-like receptor 3, an IFNactivating PRR that recognizes dsRNA in the extracellular phase (64, 79) . Also, the NS2A protein of KUNV, which is a variant of WNV, was shown previously to directly suppress IFN induction (36, 37) . For TBEV, however, neither NS1 nor NS2A or NS2B had any obvious inhibitory effect on IFN induction. Although we cannot exclude the existence of an IFN antagonist that has escaped our attention, our finding that no viral dsRNA can be immunodetected outside internal membranes favors the model that TBEV relies on hiding its dsRNA in membrane compartments. For intracellular PRRs, the access to this important pathogen marker is hence restricted. It is important that most, if not all, viruses with a positive-strand RNA genome like TBEV rearrange cytoplasmic membranes for the formation of virus factories (1, 10, 39, 48) . Moreover, these viruses are known to produce significant amounts of dsRNA during their life cycle (32, 49, 56, 68, 74, 78) . For some of the viruses, it was shown previously that viral dsRNA is indeed sequestered inside virus-induced membranous structures (32, 39, 75) . Nonetheless, many of them express specific factors inhibiting IFN induction (57, 69, 73) . Possible explanations for this discrepancy are that these viruses are vulnerable to PRR detection in the early phase of infection, when membrane reorganization is not yet completed, or that vesicles may rupture. TBEV also appears to expose certain amounts of biologically active dsRNA late in infection. In this context, it should be noted that one molecule of dsRNA is enough to trigger an IFN response under certain conditions (46) and that, at least for severe acute respiratory syndrome (SARS) coronavirus, dsRNA outside viral membrane compartments has been detected (32) . SARS coronavirus expresses a set of IFN induction antagonists (69) , which together completely block the activation of IRF-3 in infected cells (66) . TBEV, which partially activates IRF-3, may outrun IFN induction by fast replication. It is feasible that the speed of replication also plays a role in IFN escape for other viruses besides TBEV, WNV, and influenza A virus (11, 18, 30) . Quantitative time course measurements of IFN induction (transcription and IFN release) and virus multiplication, as we have performed for TBEV, could help gain a better understanding of the kinetic aspect of IFN escape by these viruses.
Using different strains of TBEV, we observed that the weak IFN induction by TBEV was directly proportional to the level of accumulated virus RNA. This finding is in agreement with data from a previous study of WNV that showed that IFN induction is dependent on genome replication (6) . Moreover, IFN induction by TBEV is strongly dependent on IRF-3 and on IPS-1. Moreover, TBEV activates the phosphorylation of eIF2␣, another signaling pathway triggered by viral dsRNA. It is thus conceivable that, at least late in infection, some viral molecules activate cytoplasmic PRRs. Whether the dsRNA that we have detected in large amounts in infected cells is the only viral molecule triggering IFN induction or whether 5Ј-triphosphorylated RNA, e.g., the viral antigenome, also plays a role remains to be solved. Also, the contribution of individual cytoplasmic PRRs and Toll-like receptors to IFN induction by TBEV will be the subject of future studies.
TBEV efficiently rearranges internal cytoplasmic membranes to host the viral replication factories. ER membrane rearrangements and the formation of replication factories were first described for KUNV (78) . Small vesicle packets (VPs) inside the ER-derived compartments were reported previously to contain the viral proteins NS1, NS2A, NS3, and NS4A and dsRNA (41) (42) (43) 78) . The ultrastructure of VPs was also studied for DENV, and the VP was identified as the site for RNA replication. These vesicles contained a small pore toward the cytoplasm where metabolites and RNA could be exchanged with the cytoplasm (75) . For TBEV (this study) and KUNV (44) , it was shown that the disruption of the membrane compartments with BFA at 12 h p.i. did not interfere with virus multiplication. However, the treatment rendered KUNV sensitive to the antiviral action of the IFN-induced protein MxA (25) , suggesting a certain exposure. For TBEV, we observed that BFA did not alter the inaccessibility of dsRNA to cellular recognition and that the level of viral IFN induction is not elevated (data not shown). This finding indicates that the membrane compartments induced by TBEV are robustly protecting the viral replication complexes.
We found that at the 24-h time point of infection, levels of IFN transcripts were comparable between TBEV and the inducer virus clone 13, but levels of released IFN were different. Only a burst experiment measuring the IFN released de novo between 24 h and 48 h p.i. revealed that cells are able to secrete similar amounts of IFN in both cases. Time course analyses showed that TBEV-infected cells lagged behind the inducer control because final IFN-␤ mRNA levels were reached with a delay of at least 8 h. If we had measured only mRNAs and viral titers in supernatants at 24 h p.i., the wrong impression of a TBEV-imposed block of IFN secretion would have been produced. This demonstrates that in cases of such observations, rigorous quantitative and kinetic analyses are mandatory before conclusions can be drawn. In general, our quantitative time course analyses of virus multiplication, IFN-␤ mRNA levels, and IFN protein synthesis indicate that IFN-␤ mRNAs have to be synthesized over an extended period of time until detectable levels of IFN are released by infected cells. We are not aware that these dependencies have been previously investigated to this detail.
In summary, we propose a kinetic model of TBEV IFN escape. The virus rearranges internal cell membranes to provide a compartment for its dsRNA, which is inaccessible for PRRs. This delays the onset of IFN induction sufficiently to give progeny particle production a head start. Cells start to secrete IFN only later than 24 h after infection. At this time point, however, secondary infections of surrounding cells have already occurred. The well-documented ability of TBEV to block JAK/STAT signaling (3, 76) makes sure that late-point IFN is unable to develop its antiviral activity. This combination of an IFN induction delay and an IFN signaling block may allow the virus to enter the central nervous system before an efficient antiviral response is launched.
